A sensor for simultaneous and continuous measurements of water vapor density, temperature and velocity has been developed based on absorption techniques using room temperature diode lasers (InGaAsP) operating at 1.31 µm. Laboratory calibrations of density and temperature were acquired in a variable temperature absorption cell and on a H 2 -air flat flame burner from 500 to 2200 K. Laboratory determinations showed absolute accuracies of 5% in temperature and 10% in molecular density for a 0.3 Hz bandwidth. An optical system was 
INTRODUCTION
Continuous measurements of in stream data for gasdynamic and chemical processes are required for development and optimization of advanced propulsion systems. In the case of SCRAMJET engines, measurements of such data are complicated by the high enthalpy of the gas streams. Intrusive probes either do not survive or introduce unacceptable flow disturbances. 1, 2 The ultimate objective of ground testing is to measure the net thrust produced by the propulsion system. Especially in SCRAMJET engines, the net thrust provided by the engine is often a relatively small increase in the momentum flux (!V 2 ) between large inlet and exhaust values. Thus, gasdynamic-based thrust determinations require a sensitive technique capable of simultaneous measurements of gas stream density, velocity and temperature in high enthalpy flows.
Optical sensors and diagnostics for combustion flow analysis have received considerable attention during the previous decade because of their inherently non-intrusive nature and their ability to probe relevant species such as O 2 , CO, CO 2 NO, OH, and H 2 O. 3, 4 Laser-based optical techniques for measurements in high enthalpy flows have undergone extensive development.
Advantages of these lasers include: 1) their widespread availability, 2) their excellent single mode behavior for spectroscopic measurements ( i.e., a bandwidth of less than 10 MHz and current tuning ranges of more than 1.5 cm -1 ), 3) their packaging into ruggedized fiber pigtailed mounts, and 4) their decreasing cost to performance ratio with time as the telecommunication market demand continues to increase.
This work reports continuous simultaneous measurements of water vapor density, temperature, and velocity using room temperature DFB diode lasers operating at 1.31 µm in both laboratory facilities and a model SCRAMJET combustor at the Air Force Research Laboratory, Wright Patterson AFB. A stand-alone computer controlled instrument package was assembled.
Two lasers were time multiplexed to measure selected water vapor absorption transitions. A fiber optic network was assembled to combine the outputs from the two diode lasers onto a dual beam launch and collection system. Below 1200 K, the sensor temperature and density measurements were calibrated in the laboratory using a high temperature absorption cell filled with pure water vapor. Above 1200 K, the sensor temperature measurement was calibrated using a H 2 -air flat flame burner equipped with a thermocouple corrected for radiation loading. In the flame, the sensor water density measurement was calibrated using chemical equilibrium modeling of the conditions in the flat flame burner with known mass flows of reactants.
Integration optics using water cooling and window purge gas flows were specifically developed for the field tests on the model SCRAMJET combustor. Testing new instrumentation in practical ground based facilities is often limited due to short test times. [16] [17] [18] The Air Force test facility, in contrast, provides a long duration high enthalpy flow which is well suited for testing new instrumentation and for developing meaningful statistical information regarding the sensor's performance.
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EXPERIMENTAL APPROACH
The approach for the simultaneous measurement of water vapor density, temperature and velocity using diode laser absorption techniques is shown schematically in Figure 1 . Two diode lasers probing different water absorptions are propagated across the sample volume at two different angles. The lasers are frequency scanned to acquire data across the entire absorption lineshape. The two laser wavelengths are multiplexed onto common propagation paths using a time-domain-multiplexing mode developed by our group and described in an earlier publication. 12 The resultant signals from the balanced ratiometric detector (BRD) 20, 21 units are shown schematically in Figure 2 .
The density of water is determined by the integrated area of any of the four absorption lineshapes and spectroscopic constants that depend only on temperature. The temperature is determined by the ratio of the integrated area of two different absorption lines. The flow velocity is determined by the relative Doppler shift in an absorption peak measured at two different angles to the flow vector. The formulas for determination of these parameters are listed below. They have been derived and described in detail previously. 12, 13 Briefly, the density is determined from the formula:
where . is the absorbance (-ln[I /I o ]), I , I o are the laser intensities after and before propagation through the absorbing gas, the integral is across the entire lineshape, S(T) is the linestrength of the absorption transition, and L is the pathlength.
The temperature is determined from the formula: The velocity is determined from the formula:
where c is the speed of light, û 12 is the frequency shift between the lineshapes propagated at angles 1 , 2 relative to the flow vector, and 0 is the center frequency of the transition.
The temperature is most precisely measured using one set of absorption lines for the temperature range from 500 to 1100 K and a second set of absorption lines for the temperature range from 1100 to 2000 K. Analysis of the above formula shows that the temperature resolution decreases with increasing temperature, but increases with increasing separation, ûE, in the lower state energy levels of the two transitions. 12 Changing absorption transitions to increase ûE at high temperature conditions thus allows more precise temperature measurements. Spectroscopic characterized Henken-type flat flame burner. 25 The experimental setup of the burner optics consisted of f/2 spherical mirrors arranged in a Herriott geometry. 26 An entrance slot and exit slot in the mirrors allow access for the laser beam fiber optic launch and BRD signal detector.
The mirrors were mounted on 2-D micrometers for x-y positioning and on two-axis gimbal mounts for control of the reflection pattern and total pathlength through the flame.
Measurements were performed using 28 passes over the flame, for a total in-flame pathlength of 71 cm. The total pathlength was verified by measuring the entrance and exit power of the laser and comparing to the known reflectivity of the mirrors at 1.31 µm. The pathlength in the flame is calculated using the ratio of the linear dimension of the burner surface to the mirror separation.
The nitrogen shroud flow surrounding the burner is velocity-matched to the combustion exhaust gases so that the gradient in both temperature and H 2 O number density at the interface is within a few mm at the measurement height. Although edge-effects can be significant in some applications, we do not believe that they constitute a significant source of error or uncertainty in the present work since we have had generally excellent agreement between similar optical measurements and other published data for temperature and composition in past studies. 4, 12, 25 For water density and temperature calibrations, the burner was fueled with technical grade sequence. The absolute temperature accuracy is always better than 100 K, and in most cases the measurement precision is ± 15 K. Small discrepancies between the thermocouple and adiabatic temperatures in Figure 4 are the consequence of positioning the thermocouple at the fringes of the flame to avoid interferences with the multipass laser beam. The absolute water density accuracy compared to equilibrium predictions is better than 6% and the precision better than 1%
for strongly absorbing conditions.
INTEGRATION ENGINEERING FOR SCRAMJET TEST FACILITY
The sensor was engineered for integration with the high enthalpy flow facility at the AFRL Test Cell #22 at Wright-Patterson AFB. The sensor electronics package located in the facility control room was computer controlled and mounted in a standard half height equipment rack. All laser control hardware, fiber optic splitters, data acquisition boards, etc., were mounted within the computer chassis. An ethernet board provided for periodic CPU clock calibration to a NIST atomic clock via internet access. System control was facilitated through LabView software routines. Fiber optic cables transported laser light to the supersonic combustion section of the model SCRAMJET, and electrical cables transported detector signals back to the computer for analysis.
The design and engineering of the optical interface to the supersonic combustor is critical for high temperature applications. Because the steady state wall temperature of the combustor can exceed 400 K, it was necessary to cool the optics to protect the fiber optic collimators and InGaAs photo detectors. To achieve high absorbance sensitivity, the windows required antireflection coatings at the laser wavelength and these coatings were limited to 500 K. In addition, particulate deposition on the windows was a concern. These considerations required the use of both water cooling and gaseous nitrogen film cooling to protect the optics. Because the flow field was supersonic, minimizing flow perturbations due to the film cooling was critical for the design.
A schematic of the film cooling system is shown in Figure 6 . The IR-grade fused silica windows are 1.9 cm diameter with a 2.54 cm diameter shoulder. The windows are AR-coated at 
COMBUSTOR TESTS AND RESULTS
Preliminary tests on the combustor were performed without windows, fiber optics or photo detectors. Fused silica windows were replaced with steel window blanks instrumented with thermocouples. These tests were used to evaluate cooling behavior of the custom panels and to monitor the tunnel for any flow disturbances generated by the gaseous nitrogen film cooling flow. The combustor inlet air was heated with a vitiated heater burning JP-4. Two expanded static pressure conditions were tested: 13 psia and 6 psia. Stagnation temperatures at these conditions were set to 944, 1111, and 1250 K, corresponding to predicted free stream static temperatures at the sensor location of 540, 650, and 740 K.
Tests were performed with the maximum nitrogen film cooling to evaluate potential flow disturbances. Simultaneous density, temperature, and velocity measurements were recorded at 1 Hz throughout the sequence of increasing stagnation temperatures at an expanded pressure of 13 psia. Figure 11 shows the measured water density during the sequence of changing stagnation temperatures. Figure 12 shows the simultaneous free stream static temperature measurement, and Figure 13 the simultaneous velocity measurement.
The data exhibits the best signal to noise in the density measurement with decreasing signal to noise in the temperature measurement and large excursions in the velocity measurement. This behavior is nominally understood by recognizing that four different absorption lines are monitored, integrated, and averaged to determine density. The temperature measurement requires at least one line of sight in the high speed flow to provide good signal to noise data so that the ratio of integrated absorption can be measured to determine the temperature. The temperature measurement exhibits the combined noise from both integrated lineshapes. The most demanding is the velocity measurement which requires high signal to noise in the line shape to determine position shift, i.e., not an integrated area, and requires that high signal to noise lineshapes be present on both lines of sight simultaneously. Further, the algorithms used to determine velocity are more sensitive to noise than either the density or temperature. Table 2 presents a summary of the measured and estimated conditions in the combustor at the sensor line of sight based on available flow models at AFRL. Although large excursions in the sensor output were observed, the optical sensor tracks both the water density and temperature changes. Note the vertical dashed lines in Figures 11 and 12 indicate the beginning of 8 min time frames over which the stagnation conditions were held at a nominally steady test point. The sensor density and temperature measurements both suggest that the static conditions in the supersonic test section are not stable, but drift upwards in density and temperature during these periods. At present, this effect is not well understood, but is tentatively attributed to instability in the facility operation. The measured water density shows a discrepancy with predictions ranging from 17 to 56%, but has a precision of better than 10%. The present flow models used to predict arises from the weaker absorption strength of this feature and demonstrates the source of the lower signal-to-noise ratio in the temperature data as compared to the density data. Table 3 presents a summary of the lineshape parameters for these transitions. The predicted and measured lineshape parameters are in relatively good agreement considering the signal to noise in the measured lineshapes. This result lends confidence in the conclusion that at these wavelengths relatively accurate measurements of water vapor are possible, even in such an extreme environment.
DISCUSSION AND CONCLUSIONS
Several conclusions can be drawn from these measurements. Most important is that optical hardware/installations and sensor techniques have matured to the point where nonintrusive measurements can be performed continuously on high enthalpy combustion facilities.
These measurements demonstrate technology to integrate sensitive fiber optic components, coated optical windows, and photo-detectors that will survive extreme gas and facility temperature excursions.
In more benign laboratory environments, the sensors performed very well throughout the temperature range from 500 to 2100 K, where they provide water vapor density and temperature for water density measurements, and 7 to 11% for the temperature measurements.
Further improvements require better matching of the absorption linestrengths to expected water concentration conditions. Additional, further engineering is required to verify the severity of beam steering, and to develop solutions to mitigate this influence, such as large area beams and focusing systems. 
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